Hypoxia-Inducible Factor as an Angiogenic Master Switch by Takuya Hashimoto & Futoshi Shibasaki
REVIEW
published: 24 April 2015
doi: 10.3389/fped.2015.00033
Edited by:
Giuseppina Milano,
Centre Hospitalier Universitaire
Vaudois, Switzerland
Reviewed by:
Yasuhiro Fujii,
Okayama University Hospital, Japan
Umberto Morbiducci,
Politecnico di Torino, Italy
*Correspondence:
Futoshi Shibasaki,
Department of Molecular Medical
Research, Tokyo Metropolitan
Institute of Medical Science, 2-1-6
Kamikitazawa, Setagaya-ku, Tokyo
156-8506, Japan
shibasaki-ft@igakuken.or.jp
Specialty section:
This article was submitted to Pediatric
Cardiology, a section of the journal
Frontiers in Pediatrics
Received: 13 March 2015
Accepted: 07 April 2015
Published: 24 April 2015
Citation:
Hashimoto T and Shibasaki F (2015)
Hypoxia-inducible factor as an
angiogenic master switch.
Front. Pediatr. 3:33.
doi: 10.3389/fped.2015.00033
Hypoxia-inducible factor as an
angiogenic master switch
Takuya Hashimoto1,2 and Futoshi Shibasaki 3*
1 Department of Surgery, Yale University School of Medicine, New Haven, CT, USA, 2 Division of Vascular Surgery,
Department of Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan, 3 Department of Molecular
Medical Research, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan
Hypoxia-inducible factors (HIFs) regulate the transcription of genes that mediate the
response to hypoxia. HIFs are constantly expressed and degraded under normoxia, but
stabilized under hypoxia. HIFs have been widely studied in physiological and patho-
logical conditions and have been shown to contribute to the pathogenesis of various
vascular diseases. In clinical settings, the HIF pathway has been studied for its role
in inhibiting carcinogenesis. HIFs might also play a protective role in the pathology of
ischemic diseases. Clinical trials of therapeutic angiogenesis after the administration
of a single growth factor have yielded unsatisfactory or controversial results, possibly
because the coordinated activity of different HIF-induced factors is necessary to induce
mature vessel formation. Thus, manipulation of HIF activity to simultaneously induce a
spectrum of angiogenic factors offers a superior strategy for therapeutic angiogenesis.
Because HIF-2α plays an essential role in vascular remodeling, manipulation of HIF-
2α is a promising approach to the treatment of ischemic diseases caused by arte-
rial obstruction, where insufficient development of collateral vessels impedes effective
therapy. Eukaryotic initiation factor 3 subunit e (eIF3e)/INT6 interacts specifically with
HIF-2α and induces the proteasome inhibitor-sensitive degradation of HIF-2α, inde-
pendent of hypoxia and von Hippel-Lindau protein. Treatment with eIF3e/INT6 siRNA
stabilizes HIF-2α activity even under normoxic conditions and induces the expression of
several angiogenic factors, at levels sufficient to produce functional arteries and veins
in vivo. We have demonstrated that administration of eIF3e/INT6 siRNA to ischemic
limbs or cold-injured brains reduces ischemic damage in animal models. This review
summarizes the current understanding of the relationship between HIFs and vascular
diseases. We also discuss novel oxygen-independent regulatory proteins that bind
HIF-α and the implications of a new method for therapeutic angiogenesis using HIF
stabilizers.
Keywords: HIF-1α, HIF-2α, pVHL, Int6/eIF3e, angiogenesis, peripheral arterial disease, collateral vessel
Abbreviations: ARNT, aryl hydrocarbon receptor nuclear translocator; bFGF, basic fibroblast growth factor; CAD, coronary
artery disease; CLI, critical limb ischemia; eIF, eukaryotic initiation factor; FIH, factor-inhibiting HIF; HAF, hypoxia-
associated factor; HDAC, histone deacetylase; HIF, hypoxia-inducible factor; HRE, hypoxia responsive element; IBS,
Int6 binding site; IC, intermittent claudication; ID, inhibitory domain; MMP, matrix metalloproteinase; ODD, oxygen-
dependent degradation domain; PAD, peripheral arterial disease; PAS, Per–ARNT–Sim; PHD, prolyl-hydroxylase domain;
SUMO, small ubiquitin-related modifier; TAD, terminal activation domain; VEGF, vascular endothelial growth factor;
VHL, von Hippel-Lindau.
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Introduction
Oxygen is essential for eukaryotic life, and changes in oxygen
availability can lead to cell and organ dysfunction. To ensure
adequate oxygen delivery, metazoans have developed complex
and elaborate systems that respond to hypoxia, as seen in the cir-
culatory and respiratory systems in mammals. Cellular responses
to hypoxia are mainly regulated by the activation of transcription
factors called hypoxia-inducible factors (HIFs) (1, 2). HIFs affect
hypoxia and stress response signaling pathways that influence
development, metabolism, inflammation, and circulatory and res-
piratory physiology (1–4).
Structurally, HIFs are heterodimers comprised an oxygen-
regulated HIF-1α or HIF-2α subunit and a constitutively
expressed HIF-1β subunit. The HIF-1α and HIF-2α subtypes
have high identity in their functional domains (5), and their
expression and transcriptional activity are regulated by the
hydroxylation of specific proline and asparagine residues (6). On
the other hand, HIF-1α and HIF-2α have distinct expression pat-
terns. HIF-1α is ubiquitously expressed in all mammalian tissues
and cell types (7). In contrast, HIF-2α expression is restricted to
specific cell types, including endothelial cells, but is not confined
to the vasculature, with a distinct distribution in cells and tissues
(8). Moreover, the degree of hypoxia needed to induce each sub-
type differs. HIF-2α is induced at higher oxygen concentrations
and for longer durations than HIF-1α (9). These findings indi-
cate that the two subtypes have complementary functions in the
coordinated transcriptional response to hypoxia/stress.
Although HIFs were originally identified as oxygen-dependent
transcription factors, recent studies have provided evidence for
the hypoxia-independent regulation of HIFs, as described later.
The differences in the mechanisms that regulate HIF-1α and
HIF-2α provide further evidence for the proteins’ distinct but
coordinated functions.
Hypoxia-inducible factors are disrupted in cancer and disor-
ders affecting the circulatory system. Most human cancers exhibit
increased levels of HIF subtypes (10, 11), and HIF expression
levels correlate with mortality (12). The hypoxic environment
within solid tumors and various genetic alterations contribute to
alterations inHIF activity. HIF target genes play important roles in
all aspects of cancer biology, including angiogenesis, cell survival,
metabolism, invasion, and metastasis (13, 14). Dissecting the HIF
pathway is of major clinical significance because the hypoxic
response correlates with tumor progression and resistance to ther-
apy (15). Several anti-cancer treatment strategies targeting theHIF
pathway have already been applied in clinical settings (16–18).
However, the inconclusive results of the clinical trials suggest that
further analysis of HIF biology and improved selection of patient
subpopulations are needed.
Hypoxia-inducible factors are also associated with many dis-
eases in the circulatory system. Given that HIF pathways have
evolved tomaintain oxygen homeostasis, it is no wonder that their
disruption causes pathophysiology in the circulatory system. One
example is ischemic disease due to arterial obstruction, where an
impaired response to ischemia in diabetes or aging is a critical
risk factor. Therefore, controlling angiogenesis and arteriogenesis
by modulating the HIF pathway could be a valuable strategy in
patients with ischemic diseases. Clinical studies have only just
begun, and several studies using gene or protein delivery to sta-
bilize HIFs have failed to show efficacy (19–21). Methodology,
including the choice of HIF subtype, the method of drug delivery,
and the combined use of cell therapy, will be key factors in the
success of HIF-modulating therapy.
In this review, we summarize the current understanding of the
relationship between HIFs and diseases in the circulatory system.
We also focus on binding proteins that regulate HIFs and the
implications of newmethods for therapeutic angiogenesis that use
HIF stabilizers.
Basic Mechanism for the Response
of HIFs to Hypoxia
Hypoxia-inducible factors are DNA-binding transcription fac-
tors that associate with specific nuclear cofactors under hypoxia.
Heterodimeric proteins, HIFs consist of an oxygen-regulated
subunit (HIF-1α or HIF-2α) and a constitutively expressed
HIF-1β subunit [aryl hydrocarbon receptor nuclear translocator,
ARNT1/(HIF-1β) or ARNT2/(HIF-2β)] (22–24). HIFs have a
characteristic Per–ARNT–Sim (PAS) domain and belong to the
basic helix–loop–helix (bHLH) transcription factor superfamily
(24). In humans, three genes encode distinct HIF-α isoforms:
HIF1A, encoding HIF-1α; EPAS1 or HIF2A, encoding HIF-2α,
and HIF3A, encoding multiple HIF-3α splice variants (24–26).
HIF-1α is ubiquitously expressed, whereas HIF-2α (originally
named endothelial PAS domain protein-1 (EPAS-1) is abundant
in endothelial cells and some highly vascularized tissues (5). HIF-
1α and HIF-2α have 48% amino acid identity and similar protein
structures. Their bHLH domains and PAS regions are 83 and
70% identical, respectively. Furthermore, the oxygen-dependent
degradation domains (ODD) in the two HIF-α subunits, includ-
ing the two critical proline residues, exhibit a high degree of
homology (27). Prolyl-hydroxylase domain (PHD) 2 binds to both
HIF-α subtypes and catalyzes the hydroxylation of Pro-402 and
Pro-564 in HIF-1α and Pro-405 and Pro-531 in HIF-2α. Factor-
inhibiting HIF (FIH)-1 also binds to both HIF-α subtypes and
catalyzes the hydroxylation of Asn-803 in HIF-1α and Asn-851
in HIF-2α. However, HIF-1α and HIF-2α play distinct, non-
redundant biological roles because of their different expression
patterns and binding partners (28). HIF-1α and HIF-2α regu-
late their target genes by binding to hypoxia-responsive elements
(HREs). Many target genes are transactivated by either HIF-1α or
HIF-2α, and some genes are upregulated by both.
The main sensors of the hypoxic condition are the HIF-α
subunits. HIF-1α and HIF-2α each contain an ODD and two
transactivation domains, an N-terminal transactivation domain
(N-TAD) and a C-terminal transactivation domain (C-TAD) (26,
29–36). However, HIF-3α does not have a C-TAD, suggesting
that its function is regulated in a simpler manner (37). The
stability of the HIF-α proteins is negatively regulated by PHD-
dependent hydroxylation in a post-translational manner. Under
normoxia, HIF-α proteins are hydroxylated on at least one of two
conserved proline residues within the ODD by PHD-containing
enzymes (38) and rapidly degraded via the von Hippel-Lindau
(pVHL)-ubiquitin-proteasome pathway (38–40). The key HIF-
1α destabilizing enzyme in normoxia is PHD2 (41). Chelators
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of cobalt and iron ions such as desferrioxamine, which mimic
hypoxia, inhibit hydroxylases by displacing Fe(II) from the ferro-
protein oxygen sensor (38).
Another hydroxylase domain-containing protein, named FIH,
participates in the negative regulation of HIF-α by hydroxylat-
ing Asn-803 in the C-TAD in the presence of oxygen, thereby
inhibiting the interactions between HIF-α and transcriptional
co-activators (42). Dayan et al. reported that the N-TAD and
C-TAD have distinct functions. FIH controlled a spectrum of
gene expression, consistent with further fine-tuning of HIF-1α
regulation, by binding the C-TAD in severe hypoxia, independent
of PHD binding to the N-TAD in intermediate hypoxia (37).
When cells are exposed to hypoxic conditions, the oxygen-
requiring hydroxylation process is prevented, andHIF-α subtypes
escape proteasomal degradation. TheHIF-α subtypes then dimer-
ize with HIF-1β and associate with transcriptional co-activators.
The transcriptional complex subsequently recognizes HREs in
various hypoxia-responsive genes, resulting in physiological adap-
tation to hypoxia. Oxygen depletion also reduces FIH-mediated
Asn-803 hydroxylation, allowing HIF-α to interact with the tran-
scriptional co-activators p300/CREB-binding protein (CBP) (43).
The transcriptional complex recognizes the HREs in downstream
responsive genes, leading to the adaptive response to hypoxic
stress. Of note, stimuli other than hypoxia, such as nitric oxide
and reactive oxygen species, can also activate HIFs (2).
Genes Downstream of HIFs
Hypoxia-inducible factor-1α was originally identified as a pro-
tein whose binding to the HRE in the human erythropoietin
(EPO) genewas required for transcriptional activation in response
to a reduced cellular O2 concentration (22). EPO increases
the blood O2-carrying capacity by stimulating erythropoiesis.
Other HIF downstream genes regulate processes such as glucose
uptake, glycolysis, angiogenesis, vascular remodeling, extracellu-
larmatrixmetabolism, inflammation, cell proliferation, apoptosis,
autophagy, migration and invasion, DNA damage responses, and
survival (3, 12, 13). The encoded proteins, which play roles in
systemic, tissue, or intracellular O2 homeostasis, include vas-
cular endothelial growth factor (VEGF) (44), which mediates
vascularization, and inducible nitric oxide synthase (iNOS) (45)
and heme oxygenase 1 (HO1) (46), which modulate vascu-
lar tone. A central adaptation to hypoxia is the shift toward
anaerobic glycolysis. HIF-1α guides this shift by promoting
the expression of glucose transporters and glycolytic enzymes
(1, 47–49). Under hypoxia, HIF-1 mediates a transition from
oxidative to glycolytic metabolism by regulating genes such as
pyruvate dehydrogenase kinase 1 (50, 51), lactate dehydroge-
nase A (52), and BNIP3/BNIP3L, which mediate mitochondrial
autophagy (53–55).
Activation of HIF-1α Transcriptional Activity by
Histone Deacetylase 7
Using the yeast two-hybrid method, Kato et al. identified a
novel transcriptional activator of HIF-1α, histone deacetylase 7
(HDAC7) (56). HDAC7 is a transcriptional repressor that belongs
to the mammalian class II HDAC family, whose members include
HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10.
HDAC4, HDAC5, and HDAC7 contain a highly conserved cat-
alytic domain (HDAC domain) in the C-terminal region (57, 58).
However, the N-terminal region and C-terminal tail of HDAC7
and the corresponding regions of HDAC4 and HDAC5 are less
homologous (59, 60). The catalytic domain of HDAC7 interacts
with the inhibitory domain (ID) of HIF-1α in both normoxia
and hypoxia. Kato et al. also found that the regions contain-
ing amino acids 735–785 in HIF-1α and amino acids 669–952
in HDAC7 were the minimum contact sites required for the
interaction. HDAC7 bound solely to HIF-1α, among the HIF-
α isoforms, while HIF-1α only interacted with HDAC7 in the
class II HDAC family. HIF-2α and HIF-3α do not contain the
ID found in HIF-1α. Therefore, the ID domain likely plays an
important role in regulating the transcriptional activity of HIF-
1α by mediating the interaction with HDAC7. Although HDAC7
was predominantly localized to the cytoplasm at normal oxygen
concentrations, HDAC7 co-translocated to the nucleus with HIF-
1α under hypoxia. Thus, HDAC7 forms a complex with HIF-1α
and CBP/p300 in the nucleus under hypoxic condition, leading
to enhanced transcription of HIF-1α target genes (VEGF and
Glut-1). Conversely, HDAC4 and HDAC5 did not bind HIF-1α
(56). Immunoprecipitation experiments suggested that HIF-1α,
HDAC7, and p300 formed a complex in the nucleus. The binding
of HDAC7 to HIF-1α might lead to a conformational change
within the ID of HIF-1α that facilitates binding to co-activators
such as CBP/p300 and increases transcriptional activity under
hypoxia.
Differences in the Functions of the HIF Subtypes
Hypoxia-inducible factor-2α, a paralog of HIF-1α, is also reg-
ulated by prolyl and asparaginyl hydroxylation in vertebrates
(55). Unlike HIF-1α, HIF-2α is mainly expressed in vascu-
lar endothelial cells. Therefore, HIF-2α is thought to regulate
endothelial-specific genes and have functions different from those
of HIF-1α. Efforts to distinguish the roles of HIF-1α and HIF-
2α are ongoing. Like HIF-1α, HIF-2α is also stabilized during
hypoxia; HIF-2α forms a heterodimer with ARNT and transacti-
vates the promoters of genes such asVEGF and EPO. AlthoughO2
regulates the stability of both proteins in a similar manner, HIF-
2α was stabilized and localized to the nucleus of bovine arterial
endothelial cells even under normoxia (35, 61), suggesting that the
subtypes have different roles that depend on the degree of oxygen
availability.
Hif-1α /  mice exhibit mid-gestation lethality due to severe
cardiac malformations, blood vessel defects, and impaired ery-
thropoiesis (1, 62), indicating that major components of the cir-
culatory system are dependent onHIF-1 for normal development.
On the other hand, Hif-2α /  mice manifest defective vascu-
lar remodeling during embryonic development (63), as well as
defective catecholamine homeostasis (64), fetal lung maturation,
and hematopoietic cell production (65). Semenza proposed that
both HIF-1 and HIF-2 have important roles in circulatory system
development, although the appearance of the circulatory system
and HIF-2α are associated in vertebrate evolution (55).
Although the structures of HIF-1α and HIF-2α are similar,
the proteins activate distinct target genes. Whereas some genes
are robustly activated by both HIF-1 and HIF-2, other genes are
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preferentially activated by one factor (48, 49). DNA microarray
analysis in renal cell carcinoma cells that exclusively expressed
HIF-2α (but not HIF-1α) (48) showed that a number of hypoxia-
inducible genes were expressed, including CITED2, a putative
negative regulator of HIF-1α activity (66, 67).
The C-TAD and N-TAD confer HIF target gene specificity by
interacting with additional transcriptional cofactors (49). The C-
TADs in HIF-1α and HIF-2α are highly homologous; and the
domain promotes the expression of genes commonly regulated by
HIF-1α and HIF-2α. The N-TADs are less homologous and are
important for target gene specificity. The HIF-3α splice variants
are homologous to HIF-1α and HIF-2α, but lack the C-TAD
or N-TAD. Therefore, HIF-3α cannot induce gene expression,
and it is thought to have an inhibitory effect on HIF-1α- and
HIF-2α-induced gene expression (25, 68). Although HIF-1α and
HIF-2α respond to similar cell stimuli, they often control dif-
ferent pathways. The degree to which the roles of HIF-1α and
HIF-2α overlap or compensate remains a question. For example,
hypoxic induction of HIF-1α target genes is attenuated in HIF-
1α-deficient endothelial cells, suggesting that HIF-2α or other
hypoxia-induced factors cannot sufficiently compensate for the
loss of HIF-1α.
miRNA Regulation of HIF mRNA
Recent studies have focused on the induction of miRNAs that
positively or negatively affect the transcription of specificmRNAs.
miRNAs are a class of endogenous tiny RNAs that inhibit trans-
lation or promote RNA degradation by forming a duplex within
the untranslated region of mRNAs. miRNAs play an important
role in a wide range of cellular processes by fine-tuning gene
expression (69, 70). Bruning et al. reported that miR-155 con-
tributes to the isoform-specific downregulation ofHIF-1α activity
in cells exposed to prolonged hypoxia (71). Bartoszewska et al.
showed that HIF-1 is in a negative regulatory loop with miR-
429 (72). While the activity of stabilized HIF-1 increases miR-429
expression, miR-429 attenuates HIF-1 activity by decreasing HIF-
1α mRNA levels during the early stages of hypoxia in endothelial
cells. Poitz et al. showed that miR-17 and miR-20a target HIF-
1α and HIF-2α during the adaptation of macrophages to hypoxia
(73). The mechanisms by which miRNAs regulate HIFs require
further investigation.
Oxygen-Independent Regulation of HIFs
As described above, the regulation of HIFs is dependent on the
oxygen concentration. Although HIF-2α is not strictly regulated,
the stability of HIF-1α is completely dependent on the oxygen
concentration. The key regulator of HIF-α is pVHL, which medi-
ates the oxygen-dependent, proteasomal degradation of HIF-α in
normoxia by binding to hydroxylated proline residues (Pro-402
and Pro-564 in humanHIF-1α) and promoting ubiquitin binding.
Three new binding factors regulate oxygen-independent regu-
lation: hypoxia-associated factor (HAF), small ubiquitin-related
modifier (SUMO)-specific protease 1, and Int6/eukaryotic initi-
ation factor (eIF) 3e, a translation initiation factor. These fac-
tors promote HIF degradation in a similar manner by binding
directly to HIFs and triggering ubiquitin-proteasome activation.
However, SUMO-specific protease 1 and HAF are specific to HIF-
1α, whereas Int6 is specific to HIF-2α. We describe the three
hypoxia-independent regulators of HIF-α in the sections that
follow.
HIF-1α-Specific Regulation
HAF in HIF-1α Degradation
Hypoxia-associated factor is an E3 ligase for HIF-1α that medi-
ates the subtype-specific proteasomal degradation of HIF-1α in
an oxygen- and pVHL-independent mechanism (74). HAF, also
known as SART1800 (squamous cell carcinoma antigen recognized
by T cells), was originally identified as a nuclear protein expressed
in proliferating cells (75).
Hypoxia-associated factor is overexpressed in a variety of
tumors. Its levels decrease during acute hypoxia, but increase
following prolonged hypoxia. HAF binds to the ODD in HIF-1α
and induces ubiquitination. In contrast, in HIF-2α, HAF binds
to the region between the N-TAD and C-TAD and increases
HIF-2α activation, thereby inducing a switch from HIF-1α- to
HIF-2α-dependent response to chronic hypoxia (28, 74). The
process activates genes involved in invasion, such asmatrixmetal-
loproteinase (MMP)-9, PAI-1, and the stem cell factor OCT-3/4,
resulting in more aggressive growth of tumors under prolonged
hypoxia (28). Guan et al. reported that activation of the NF-κB
pathway drives theHAF-mediated switch fromHIF-1α toHIF-2α
in bladder cancer cells (76). Koh et al. recently described the role
of SUMOylation (discussed later) inHAF activation (77). In clear-
cell renal cell carcinoma (CRCC), hypoxia inducedHAF SUMOy-
lation without affecting HAF-mediated HIF-1α degradation. On
the other hand, HAF overexpression in a mouse model increased
CRCC growth and metastasis. Koh et al. also confirmed that HAF
overexpression was associated with poor prognosis in a clinical
setting. The findings indicate that HAF acts as a specific mediator
of HIF-2 activation that is critical for CRCC development and
morbidity.
Role of SUMO-Specific Protease 1 (SENP1) in HIF-1α
Stability
Small ubiquitin-related modifiers are small proteins that share
low sequence identity but high structural similarity with ubiqui-
tin (78). SUMO post-translationally modifies many proteins and
regulates protein localization and activity. Thus, SUMOylation
affects diverse cellular functions, including transcription (79),
nuclear translocation (80), the stress response (81), and chromatin
structure (82). SUMOylation is catalyzed by SUMO-specific lig-
ases and reversed by SUMO-specific proteases (SENPs). Cheng
et al. generated a SENP1 knockout mouse, in which sumoylated
HIF-1α was unstable (83). SENP1 knockout embryos exhibited
severe anemia stemming from deficient Epo production that was
lethal during mid-gestation. Further experiments showed that
SENP1 controlled Epo production by regulating the stability of
HIF-1α. The authors identified a role for the E3 ubiquitin lig-
ase VHL in sumoylated HIF-1α degradation. Hypoxia induced
the SUMOylation of HIF-1α, which led to the hydroxylation-
independent binding and subsequent degradation of HIF-1α by
the pVHL–E3 ligase complex (83). The results indicate that SENP1
is essential for the stabilization of HIF-1α during hypoxia.
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HIF-2α-Specific Regulation
Int6/Eukaryotic Initiation Factor 3 Subunit e in HIF-2α
Regulation
Eukaryotic initiation factor 3 is a highly complex, multiprotein
assembly that regulates translation initiation by orchestrating the
formation of 43S–48S preinitiation complexes (84). The highly
conserved eIF3e gene has been described in yeast and mammals.
The gene encoding eIF3e, also called Int6, was first identified
as a tumor suppressor gene based on frequent integration of
mouse mammary tumor virus (MMTV) (85). MMTV inser-
tion into mouse Int6-coding DNA sequences appears to create
a C-terminal truncated protein, which functions as a dominant-
negative mutant. Overexpression of the truncated protein trans-
forms cells in culture, and injection of the transformed cells into
nude mice induces tumor formation (86, 87). eIF3e has also been
characterized in rabbits (88), Schizosaccharomyces pombe (89–91),
and Arabidopsis thaliana (92, 93).
Using a yeast two-hybrid approach, Chen et al. identified
Int6/eIF3e as a novel regulator of HIF-2α (27). Subtype-specific
binding of Int6/eIF3e to HIF-2α at the Int6 binding site (IBS)
led to HIF-2α degradation via the proteasome pathway in a
hypoxia-independent manner (Figure 1). When specific siR-
NAs against Int6/eIF3e were used, HIF-2α activity was sta-
bilized even under normoxic conditions, and the expression
of several angiogenic factors, such as ANG-1, basic fibrob-
last growth factor (bFGF), and VEGF, subsequently increased
in HeLa and MCF-7 cells (27). The authors extended their
investigation of eIF3e/Int6 silencing to in vivo angiogene-
sis. Injection of siRNA-Int6 into the subcutaneous tissues of
mice promoted neoangiogenesis in a dose-dependent manner
(94). Additionally, subcutaneous fibroblasts were identified as
the main target of the eIF3e/Int6 silencing effects. Subcuta-
neous ex vivo transplantation of siRNA-Int6-transfected fibrob-
lasts induced potent angiogenesis in nude mice. Moreover,
co-injection of siRNA-HIF-2α into mouse skin abolished the
neoangiogenesis induced by siRNA-Int6, confirming that siRNA-
Int6 induced neoangiogenesis and enhanced wound healing by
upregulating HIF-2α. Promoter analysis showed that HIF-2α
regulated Int6/eIF3e and HIF-2α expression; Int6/eIF3e, as a
negative regulator of HIF-2α stability, reduced HIF-2α pro-
tein levels. Int6/eIF3e silencing at a certain level inactivated
existing and de novo-transcribed Int6/eIF3e, reducing the degra-
dation of HIF-2α. The accumulated HIF-2α then further acti-
vated HIF-2α transcription, and the enhanced accumulation
of HIF-2α led to potent angiogenesis. Thus, the effect of
Int6/eIF3e silencing on angiogenesis is stronger than that of
HIF-2α overexpression. In this way, Int6/eIF3e acts as a mas-
ter switch of angiogenesis by controlling HIF-2α protein lev-
els in an oxygen-independent manner. Int6/eIF3e silencing is
an effective way to promote HIF-2α activity in the absence of
hypoxia, leading to physiological and functional neoangiogenesis
in mice.
FIGURE 1 | Schema illustrating the degradation of HIF-2α.
Hypoxia-inducible factor 2 (HIF-2) activates gene transcription in
response to hypoxia. Under normoxic conditions (blue arrows), HIF-2α is
hydroxylated on proline residues 496 and 542 by a prolyl-hydroxylase
domain (PHD) protein. Hydroxylation is required for binding of the von
Hippel-Lindau protein (VHL), the recognition subunit of a ubiquitin protein
ligase that targets HIF-2α for ubiquitination and proteasomal
degradation. In addition, hydroxylation on asparagine residue 847 by
factor-inhibiting HIF (FIH) blocks the binding of the co-activator p300. On
the other hand, binding of eIF3e/Int6 to the Int6/eIF3e binding site (IBS)
leads to the proteasomal degradation of HIF-2α, irrespective of
hypoxia/normoxia. This mechanism of post-transcriptional regulation is
specific for the HIF-2α subtype. Thus, inhibition of eIF3e/Int6 by siRNA
leads to the accumulation of HIF-2α.
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Pathophysiological Roles of HIFs in
Angiogenesis and Vascular Remodeling
Cancer Angiogenesis
Oxygen tension is markedly below physiological levels in solid
tumors (95, 96). In fact, solid tumors contain severely hypoxic
regions, in which pO2 values are <10mmHg (97, 98). Rapidly pro-
liferating cancer cells can outgrow their vascular network, limiting
O2 diffusion within the tumor itself. Perfusion defects, resulting
from abnormal tumor blood vessel structure and function, can
also cause hypoxic stress. Consequently, in the tumor tissues of
most human cancers, HIF levels are higher than in normal tissues
(10, 11). Hypoxia-independent mechanisms also increase HIF-
α expression in cancer cells. Various alterations, such as VHL
mutation in renal cell carcinoma, mutations in theWnt/β-catenin
signaling pathway in colon cancer, and other oncogenic events,
have been reported to elicit HIF-α stabilization (99). HIF-1α acti-
vates the transcription of genes that are involved in crucial aspects
of cancer biology, including angiogenesis, energymetabolism, cell
survival, chemotherapy and radiation resistance, invasion, and
metastasis (3, 100). The importance of HIF activity in cancer is
evidenced by the fact that increased HIF-α expression correlates
with poor clinical prognosis in many cancer types (101). A large
body of experimental data shows that manipulations that increase
HIF-1α expression result in increased tumor growth, vasculariza-
tion, and metastasis, whereas loss of HIF activity has the opposite
effect (14).
Endothelial cells that interact with malignant cells are also
essential components of solid tumor angiogenesis. In mediating
angiogenesis, HIF has similar effects on endothelial cells in tumor
tissues and in non-malignant tissues. However, unlike “normal”
blood vessels, the tumor-associated vasculature is leaky, tortuous,
and non-contiguous (102). The microenvironment of the solid
tumor is typically hypoxic, and hypoxia-induced changes in the
expression of angiogenic factors in cancer cells are critical for
tumorigenesis. Loss of HIF-1α in the endothelium inhibits blood
vessel growth in solid tumors (103). Tumor-associated endothelial
cells interact with tumor cells as well as non-malignant stromal
cells, such as fibroblasts and infiltrating bone marrow-derived
cells. These cell types differ widely in their responses to hypoxic
stress and therefore contribute to tumor angiogenesis in different
ways. The selective manipulation of the hypoxic stress response
in distinct tumor subcompartments might be more effective as an
anti-tumor strategy than systemic HIF inhibition.
Circulatory and Vascular System
The circulatory and vascular system is the first functional
organ system required for embryonic survival. HIF-1α homozy-
gous knockout mice show embryonic lethality at mid-gestation,
with cardiac malformations, vascular regression, and impaired
hematopoiesis (1, 104, 105), suggesting that HIFs are essential for
embryonic development of the circulatory system. After matura-
tion of the circulatory system, HIFs continue to mediate adaptive
responses to hypoxia by regulating local O2 delivery through
alterations in vascular tone, angiogenesis, and the remodeling
and maturation of collateral vessels. On the other hand, HIFs
also regulate the O2 content of the blood as a systemic response
to hypoxia. EPO increases the blood O2-carrying capacity and
systemic oxygenation. EPO is a representative example of the way
in which HIFs upregulate genes to increase O2 delivery to tissues.
Many common disease processes impair or co-opt the phys-
iological responses of the circulatory system. HIF-induced pro-
angiogenic factors activate vascular remodeling by binding to
receptors on endothelial or smooth muscle cells within vessels.
Thus, the HIF pathway also contributes to the regulation of
pathophysiological vessel remodeling. Initially, the remodeling
is “intended” to provide protection from hemodynamic stresses.
However, excessive changes through chronic and repeated activa-
tion of the HIF pathway can lead to the pathologic remodeling of
vessels.
Ischemia
Myocardial ischemia
Coronary artery disease (CAD) is the leading cause of mortality
in the United States, with a prevalence of 12.3% in the popula-
tion older than 50 years of age (106). The formation and sudden
disruption of atherosclerotic plaques in coronary arteries leads to
insufficient myocardial perfusion, either chronically or acutely.
Malperfusion can lead to sudden death or the development of
heart failure.
Remodeling of collateral arteries is a major physiological
response to tissue ischemia. When occlusion of a major coro-
nary artery suddenly disrupts blood flow, patients with a greater
number of collateral vessels typically have smaller infarctions,
leading to better survival. HIF-1α plays an important role in
coronary vascularization, which can be a source of collateral blood
flow. Resar et al. investigated the association between genetic
variation at the HIF-1α locus and the branching of coronary
arteries (i.e., collaterals), as determined with angiography (107).
They presented evidence that a specific polymorphism in HIF-α
exon 12 was associated with the absence of coronary collaterals in
patients with CAD. The genetic variation also affected the clinical
presentation of CAD (108, 109). These studies suggest thatHIF-α
is a major genetic modifier in myocardial ischemia in humans.
Another important issue related to myocardial ischemia is
ischemic preconditioning. In ischemic preconditioning, short-
term ischemia followed by reperfusion triggers adaptations,
such as a shift from oxidative to glycolytic metabolism, that
promote survival during O2 deprivation (110), thereby con-
ferring protection against a subsequent, prolonged episode of
ischemia–reperfusion. In “remote ischemic preconditioning,”
brief cycles of ischemia and reperfusion in the limbs protect the
heart from ischemic injury (111). Recently, Cai et al. demonstrated
that HIF-1 activates IL-10 transcription; experiments using HIF-
1α heterozygous mice showed that HIF-1 was required for remote
ischemic preconditioning (112). Interestingly, HIF-1α and HIF-
2α have distinct spatial expression patterns in a rat model of
ischemic heart disease (113), suggesting that the two subtypes
have different roles in the response to hypoxic stress.
Limb ischemia (peripheral arterial disease)
Peripheral arterial disease is a disorder in which the chronic
obstruction or stenosis of arteries due to atherosclerosis leads to
the characteristic symptoms of limb ischemia. Characteristic limb
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pain during exercise is called intermittent claudication. Further
progression of the disease leads to severe ischemia that causes rest
pain, ulcer, or gangrene in the affected limbs and digits, called
critical limb ischemia (CLI). Patients with CLI often have no
option but limb amputation. The prevalence of PAD is in the range
of 3–10%, increasing to 15–20% in persons over 70 years old; 1–2%
of PAD patients develop CLI (114).
Hypoxia-inducible factors trigger neovascularization in tissues
under physiologic and pathologic conditions by stimulating the
expression of angiogenic growth factors such as VEGF (103). In
hindlimb ischemiamodels in animals, HIF-1αmediates the adap-
tive responses to ischemia by increasing the production of angio-
genic cytokines. These cytokines include VEGF, stromal-derived
factor 1, placental growth factor, angiopoietin 1, angiopoietin 2,
and platelet-derived growth factor (PDGF) B. Loss-of-function of
HIF-1α, due to aging or heterozygous knockdown, impairs the
expression of angiogenic cytokines, themobilization of angiogenic
cells, and the recovery of limb perfusion in the ischemic hindlimb
of mice (115). Furthermore, delivery of adenovirus encoding
constitutively active HIF-1α stimulates perfusion recovery after
femoral artery ligation in older or diabetic mice (115). In these
studies, the effect of HIF-1α was attributed to the mobilization
of circulating angiogenic cells and the local effects of angiogenic
factors.
Given that clinical trials using a single angiogenic factor such
as VEGF have failed to promote recovery in patients with PAD,
targeting HIFs might be a better therapeutic option because HIF
is a master switch that coordinately induces a spectrum of angio-
genic factors. Translational studies and clinical trials are further
discussed in the Section “Clinical Application of HIF Activators
and Inhibitors.”
Vascular Wall Disease
Aneurysm
Abdominal aortic aneurysm (AAA) is mostly asymptomatic; rup-
ture may be the first manifestation of the disease, which is lethal
in most cases. The prevalence of AAA is 8.8% in the population
older than 65 years of age (116). The arterial wall of aneurysms
is hypoxic (117, 118). The intraluminal thrombus often seen in
aneurysms might also limit oxygen diffusion to the aortic wall,
leading to wall weakening and rupture (117). AAA tissues in
humans express HIF-1α, MMP-2, and Ets-1 within smooth mus-
cle cells and inflammatory infiltrate of the tunicamedia (119). The
expression of HIF-1α is significantly higher in aortic aneurysms
than in normal arteries, with increased nuclear translocation,
implicating HIF-1α in AAA progression (119). Hypoxia alters
vascular smooth muscle cell function, inflammatory processes,
and MMPs, decreasing the strength of the arterial wall (120,
121). Results of DNA microarray analyses using specimens of
AAA from mice (122) and ruptured intracranial aneurysms from
human (123) also suggest that transcription factors, including
HIF-1α, have key roles in processes in the aneurysmal vessel
wall. Recent studies, using samples from patients with AAA in
Poland (124), identified polymorphisms in theHIF-1α andVEGF
genes as potential genetic markers that indicate a predisposition
to AAA.
Vascular malformation
Vascular malformations encompass a wide spectrum of lesions
that can involve every part of the body; they can present as an inci-
dental finding or produce life- or limb-threatening complications.
If the disease causes complications or esthetic problems, the ther-
apeutic strategy is multidisciplinary, but interventional radiology,
including embolization, sclerotherapy, and laser coagulation, is
playing an increasingly important role.
Increased activation of the HIF pathway causes aberrant
expression of angiogenic factors that contribute to the forma-
tion and maintenance of vascular malformations (125). HIF-1α
and VEGF are highly expressed in cerebral arteriovenous mal-
formations (126, 127) and dural arteriovenous fistulas (128). In
Sturge–Weber Syndrome vessels, immunohistochemical analy-
sis demonstrated that nuclear HIF-1α and HIF-2α levels were
markedly elevated (129). HIF-1α is also associated with the dis-
ease progression of vascular malformations (130). These observa-
tions might aid the development of therapeutic strategies to treat
currently incurable vascular lesions.
Varicose veins
Varicose veins, a common disease worldwide, are described as
tortuous and dilated palpable veins that are more than 3mm
in diameter. The prevalence has been estimated at 25–33%
in women and 10–20% in men (131). Predisposition includes
family history, female sex, pregnancy, and prolonged standing.
However, the precise pathophysiology of varicose veins remains
unknown. While recent studies have focused on endothelial cell
integrity and function, including adhesion molecules, increas-
ing evidence suggests that hypoxia explains the pathogenesis
of varicose veins. Blood stasis can cause hypoxia in the vein
wall (132), and increased expression of HIF-1α in human vari-
cose veins has been reported. In addition, prolonged increases
in venous wall tension are associated with overexpression of
HIF-1α and HIF-2α, increased MMP expression, and reduced
venous contraction in an ex vivo animal model of IVC (133).
These findings suggest that hypoxia is one cause of varicosity
formation (134, 135).
Others
Atherosclerosis
The rupture of an unstable atherosclerotic plaque in humans
causes clinical complications through thrombus formation. These
atherosclerotic lesions contain hypoxic areas. Vink et al. reported
that HIF-1α was expressed in 49% of carotid and 60% of
femoral endarterectomy specimens (4). Another study using
human carotid artery specimens from surgery found that HIF-1α
expression was higher in atherosclerotic plaques than in control
specimens from autopsy (136). The analysis also detected early
expression of apoptotic molecules in the atherosclerotic plaque
and implicated oxidative stress in triggering inflammatory and
apoptotic responses. Emerging evidence suggests that HIF-1α
participates in the progression of atherosclerosis by initiating
and promoting foam cell formation, endothelial cell dysfunction,
apoptosis, inflammation, and angiogenesis (137, 138). Intimal
thickening and calcification, which restrict oxygen diffusion
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into the arterial wall, are thought to contribute to hypoxia in
atherosclerotic plaques (139). Plaque inflammation also con-
tributes to hypoxia by increasing oxygen demand (138).
Pulmonary arterial hypertension
In chronic lung disease, persistent alveolar hypoxia induces HIF-
1α expression in pulmonary arterial smooth muscle cells, result-
ing in remodeling of the pulmonary vessel and contributing
to the pathogenesis of pulmonary arterial hypertension (PAH)
and right ventricular dysfunction. The expression of multi-
ple HIF-1α target genes, including endothelin 1 (EDN1) (140,
141), transient receptor potential canonical proteins (TRPC1
and TRPC6) (142), and sodium-hydrogen exchanger 1 (NHE1)
(143), has been reported. Signal transductions results in vaso-
constriction and medial thickening, reducing the luminal diam-
eter of pulmonary arterioles and increasing the resistance to
blood flow. The fact that mice with heterozygous deficiency
in HIF-1α and HIF-2α are protected from hypoxic pulmonary
hypertension indicates that HIF-1α and HIF-2α play pathogenic
roles (144, 145).
Graft failure
Vascular graft failure after bypass surgery for ischemic disease
or after hemodialysis access creation for end-stage renal disease
results primarily from stenosis caused by intimal hyperplasia.
The mechanism of intimal hyperplasia initiation and develop-
ment is likely multifactorial, involving endothelial injury and
ischemia secondary to tissue handling during the procedure, as
well as hemodynamic factors, including hypoxia, shear stress,
and mechanical strain (139). Alterations in the HIF pathway
might contribute to vascular graft failure through the formation
of intimal hyperplasia. Increased hypoxia within the vessel wall
in regions of intimal hyperplasia has been observed in animal
models with prosthetic grafts (146). At a cellular level, HIF-1α
regulates the expression of many genes that are increased in
venous neointimal hyperplasia formation, including those encod-
ing macrophage migration inhibition factor, MMPs, and tissue
inhibitors of metalloproteinases (147).
Venous thromboembolism
Venous thromboembolism is a disease entity comprising deep
vein thrombosis, typically in a lower extremity, and pulmonary
embolism. Pulmonary embolism presents with a variety of non-
specific symptoms, but the onset of pulmonary embolism can
lead to sudden death. On the other hand, deep vein thrombosis
of the limbs can cause chronic symptoms, referred to as post-
thrombotic syndrome. Anticoagulant therapy is the mainstay for
the treatment of venous thromboembolism, although surgical
treatment or endovascular intervention is an option. Activation
of HIF-1α might contribute to the formation (148, 149) and
resolution (150–152) of thrombus in this disease entity. Exper-
imental data suggest that stasis of venous blood flow induces
localized hypoxemia within the valvular sinus, which is also the
predilection site of venous thrombus (153). Hypoxia associated
with blood stasis is thought to activate several hypoxia-adaptive
responses, including the HIF and early growth response-1
pathways (148).
Clinical Application of HIF Activators and
Inhibitors
Targeting the HIF pathway with pharmacologic agents or gene
therapy is a promising therapeutic strategy for the management
of various diseases associated with alterations in the HIF path-
way. Increased understanding of HIF biology has translated into
clinical applications. HIF-modulatory drugs are being developed
for diverse diseases. In particular, the therapeutic manipula-
tion of angiogenesis holds great promise for treating diverse
pathological conditions, including cancer, macular degeneration,
atherosclerosis, and PAD. In this section, pharmacological agents
that induce HIF activity are described. Several strategies to pro-
mote HIF-1α or HIF-2α activity are in development for use
in therapeutic angiogenesis for ischemic diseases. The interven-
tions could be applied to other ischemic injuries such as wound
healing.
PHD Inhibitors
In clinical applications, themost advanced pharmaceuticals devel-
oped to target theHIF pathway are PHD inhibitors. PHD enzymes
are oxygen sensors that act gatekeepers of the adaptive response to
hypoxia (99). The oral PHD inhibitors FG-2216 and FG-4592 are
being evaluated in clinical trials for the treatment of renal anemia.
Prolyl-hydroxylase domain inhibition, which permits the
activation of hypoxic adaptation under normoxic conditions,
improves wound healing in diabetic mice (154) and histological
and functional outcomes in ischemic and hemorrhagic stroke
models (155). Watanabe et al. reported that PHD inhibition after
cobalt chloride administration attenuated aneurysm formation in
a mouse model of AAA; the effect was associated with a reduction
in inflammatory cytokines and in the activity of MMP-2 and
MMP-9 (156).
In limb ischemia, Loinard et al. tested whether inhibition of
PHDs using small hairpin RNA (shRNA) promoted neovascu-
larization after femoral artery ligation in mice (157). shRNA
targeting PHD2 or PHD3 increased vascularization in aged mice
through the transient and local upregulation of endogenous
HIF-1α.
The oral PHD inhibitor GSK1278863 was tested in a clinical
trial in PAD patients with intermittent claudication. However, the
trial failed to show a benefit of this compound in regimens of a
single dose or a daily dose for 2weeks (Table 1) (21).
Activation of HIF-1α by Gene Expression
Viral delivery of a constitutively active form of HIF-1α improved
the recovery of limb perfusion in ischemic models of aged mice,
diabetic mice, and rabbits (108, 115, 158). Based on these results,
the first clinical trial using HIF-1α replacement gene therapy was
tested in PAD patients with CLI from 1999 to 2004 (Table 1)
(19). A recombinant adenovirus, encoding the HIF-1α bHLH-
PAS domain fused to the herpes simplex virusVP16 transactivator
protein, was administered to 34 patients with no options for
surgical and endovascular revascularization. In a phase I study
that mainly tested safety, a single intramuscular injection resulted
in no serious toxicity, including no evidence of malignancy or
ocular neovascularization disorders related to the transgene in
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TABLE 1 | Clinical trials for PAD with HIF activators.
Phase Condition Drug Administration Results Reference
1 CLI (critical limb ischemia) Adenoviral activation of HIF-1α Intramuscular injection Well tolerated (19)
2 PAD (intermittent claudication) Adenoviral activation of HIF-1α Intramuscular injection No benefit (20)
3 PAD (intermittent claudication) PHD inhibitor (protein) Oral No benefit (21)
CLI, critical limb ischemia; HIF, hypoxia-inducible factor; PAD, peripheral arterial disease; PHD, prolyl-hydroxylase domain.
the 1-year follow-up. Although the authors noted some favorable
clinical responses, the higher death rate and amputation rate in
the treatment population prevented further assessment.
Creager et al. tested the same method in a different PAD
subpopulation, patients with intermittent claudication. In the
prospective, randomized, double-blinded, placebo-controlled,
multicenter study from 2005 to 2010, the authors hypothesized
that a single intramuscular injection of Ad2/HIF-1α/VP16 would
improve peak walking time. However, the hypothesis was not
upheld in an assessment of 273 patients who participated in a
treadmill exercise test after randomization (Table 1) (20). The
possible reasons for the negative result include a low efficacy
of gene transfer, an insufficient duration of effect after a single
administration, and a lack of functional collateral vessel formation
owing to the distance between injection sites.
HIF-2α Stabilization by Int6/eIF3e Silencing
Hypoxia-inducible factor-2α is involved in microvessel remodel-
ing andmature vessel formation (63, 159). Stabilization of HIF-2α
through Int6/eIF3e silencing promotes functional vessel forma-
tion and facilitates the recovery of peripheral circulation and
limb function in a hindlimb ischemia model. Int6/eIF3e silencing
with shRNA delays HIF-2α degradation; stabilized HIF-2α then
binds to the HRE in the HIF-2α promoter region to upregu-
late its own expression (Figure 2). On the other hand, because
eIF3e/Int6 has an HRE, the method suppresses the negative feed-
back loop regulating HIF-2α protein stability. HIF-2α activity
increases, as does the downstream expression of a spectrum of
angiogenic factors, including VEGF, bFGF, PDGF-B, angiopoi-
etins, and Tie-2 (94). Chen et al. reported that Int6/eIF3e silencing
through siRNA plasmid injection resulted in a twofold increase
in the expression of HIF-2α, without affecting HIF-1α. The treat-
ment enhanced subcutaneous neovascularization and accelerated
wound healing in diabetic mice (94). The increase in neovascu-
larization was completely abolished by the simultaneous silencing
of HIF-2α, suggesting that the improvements depended on HIF-
2α. In this model, HIF-2α stimulated vascular sprouting and
stabilization.
The usefulness of eIF3e/Int6 silencing is also evidenced by
several studies using ischemia models. We showed that silenc-
ing Int6/eIF3e in ischemic thigh muscle enhanced the recovery
of peripheral circulation and limb function in a mouse model
of femoral artery ligation (160). Int6/eIF3e silencing enhanced
PDGF-B and bFGF transcription in muscle cells and the secre-
tion of bFGF and ANG-1, thereby inducing tube formation by
endothelial cells via paracrine signaling. Int6/eIF3e silencing also
decreased brain damage in a rat model of cold injury in the brain,
suggesting a potential clinical application for the treatment of
brain ischemia and injury (161). Endler et al. have suggested that
IL-6 and IL-8 are the main cytokines controlled by the HIF-2α-
mediated angiogenic response in endothelial cells (162). To eluci-
date the mechanism of the strong angiogenic effect of Int6/eIF3e
silencing, we performed DNAmicroarray analysis in MCF-7 cells
and identified 378 upregulated genes and 244 downregulated
genes (Figure 3). The upregulated genes included those encoding
the potent angiogenic factors bFGF, PDGF, HGF, and VEGF.
These findings indicate that Int6/eIF3e functions as an angiogenic
master switch. HIF-2α stabilization by Int6/eIF3e silencing might
be a promising methodology in clinical practice for the treatment
of ischemic diseases such as CAD, cerebral infarction, and PAD.
One concern with the method is that the misregulated expression
of several eIF3 subunits has been implicated in oncogenesis and
in the maintenance of the cancerous state (163). However, we
have not observed cancer formation in animal models, including
non-human primates.
Combination Treatment with Cell Therapy
For treatment of limb ischemia, Rey et al. used a two-stage
therapy consisting of intramuscular injection of AdCA5 followed
24 h later by intravenous administration of bone marrow-derived
angiogenic cells (BMDACs), which were cultured for 4 days in
the presence of angiogenic growth factors and dimethyloxalyl-
glycine (DMOG), a hypoxia-mimicking reagent (164). The strat-
egy, which combined HIF-1α gene therapy and cell therapy,
improved perfusion and clinical symptoms in a mouse model of
CLI. The rationale for the unique staged approach with local and
systemic delivery was as follows. Local administration of AdCA5
induces the production of angiogenic factors and thereby provides
a homing signal for BMDACs. Systemic administration selects for
a subpopulation of cells that migrate to the ischemic tissue and
participate in the vascular remodeling process. In contrast, direct
injection increases cell death in hypoxic muscle (55). Another
recent study found that PHD2 mRNA levels were upregulated
in blood cells from patients with CLI, whereas HIF-1α mRNAs
levels were attenuated. The study confirmed that PHD2 inhibition
enhances the therapeutic potential of cell-based therapy in a CLI
mousemodel. Cell therapy throughmodification of theHIF signal
might be a potent and promising strategy for the treatment of
ischemic disease.
Future Perspectives
Several hurdles must be overcome if HIF pathway modulation
is to be used for therapeutic angiogenesis in clinical settings.
First, we must choose the best modality for treatment. We think
that an ideal clinical therapy would use intramuscular injection
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FIGURE 2 | Feedback mechanisms regulating the expression of HIF-2α.
In hypoxia, stabilized and dimerized HIF-2α recognizes hypoxia responsive
elements (HREs) in its own promoter and in the eIF3e/Int6 promoter, resulting in
the transcription of both genes as part of positive and negative feedback
mechanisms, respectively. eIF3e/Int6 binds to and degrades newly synthesized
HIF-2α, even under hypoxic conditions.
FIGURE 3 | DNA microarray analysis of eIF3e/Int6 silencing in MCF-7
cells. DNA microarray analysis of MCF-7 cells transfected with eIF3e/Int6
silencing plasmids identified 378 upregulated genes and 244 downregulated
genes, relative to expression in cells transfected with GAPDH.
of naked plasmid DNA rather than viral transfer for safety and
simplicity, despite the relatively low transfection efficiency of
the former approach. To restore blood flow and salvage limbs,
cell-based interventions are another promising option for ther-
apeutic angiogenesis in patients with CLI (165). We are inves-
tigating a method for cell therapy that uses cultured fibroblasts
harvested from the patient’s skin tissue and transfected with
an eIF3e/Int6 silencing plasmid. Second, optimization of drug
delivery is important for efficient treatment. Therapeutic site
selection is another important factor for the successful develop-
ment of collateral vessels (166). Further understanding of the
HIF pathways will provide insight into the mechanisms respon-
sible for the pathology of various diseases and will facilitate the
development of promising therapies aimed at modulating HIF
pathways.
Concluding Remarks
In this review, we summarized the current understanding of the
association between HIFs and pathophysiology in the human
circulatory system. We also described the regulation of HIFs.
Modulation of the HIF system is a potential approach for treat-
ing patients who suffer from ischemic diseases. However, for
clinical applications, many questions remain to be solved, and
greater understanding of the oxygen-dependent and -independent
mechanisms that regulate the HIF-α subunits is needed. We
must also be cautious about possible side effects. Further trans-
lational research and clinical trials for each pathophysiology are
warranted.
Author Contributions
Conception and design: TH, FS; Drafting: TH; Critical revision:
FS; Final approval: FS; Overall responsibility: TH, FS.
Acknowledgments
We thank L. Chen and A. Endler for their suggestions and critical
reading of the manuscript. This review study was supported in
part by a Grant-in-Aid from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan (TH and FS).
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3310
Hashimoto and Shibasaki HIF as angiogenic master switch
References
1. Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E,Wenger RH, et al. Cellular
and developmental control of O2 homeostasis by hypoxia-inducible factor 1
alpha. Genes Dev (1998) 12:149–62. doi:10.1101/gad.12.2.149
2. Prabhakar NR, Semenza GL. Adaptive and maladaptive cardiorespiratory
responses to continuous and intermittent hypoxia mediated by hypoxia-
inducible factors 1 and 2. Physiol Rev (2012) 92:967–1003. doi:10.1152/
physrev.00030.2011
3. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer (2003)
3:721–32. doi:10.1038/nrc1187
4. VinkA, SchoneveldAH, LamersD,HoubenAJS, van derGroep P, vanDiest PJ,
et al. HIF-1alpha expression is associated with an atheromatous inflammatory
plaque phenotype and upregulated in activated macrophages. Atherosclerosis
(2007) 195:e69–75. doi:10.1016/j.atherosclerosis.2007.05.026
5. TianH,McKnight SL, Russell DW. Endothelial PAS domain protein 1 (EPAS1),
a transcription factor selectively expressed in endothelial cells. Genes Dev
(1997) 11:72–82. doi:10.1101/gad.11.1.72
6. Elvert G, Kappel A, Heidenreich R, Englmeier U, Lanz S, Acker T, et al. Coop-
erative interaction of hypoxia-inducible factor-2alpha (HIF-2alpha) and Ets-1
in the transcriptional activation of vascular endothelial growth factor receptor-
2 (Flk-1). J Biol Chem (2003) 278:7520–30. doi:10.1074/jbc.M211298200
7. Wiener CM, Booth G, Semenza GL. In vivo expression of mRNAs encoding
hypoxia-inducible factor 1. Biochem Biophys Res Commun (1996) 225:485–8.
doi:10.1006/bbrc.1996.1199
8. Wiesener MS, Jürgensen JS, Rosenberger C, Scholze CK, Hörstrup JH, War-
necke C, et al. Widespread hypoxia-inducible expression of HIF-2alpha in
distinct cell populations of different organs. FASEB J (2003) 17:271–3. doi:10.
1096/fj.02-0445fje
9. Wiesener MS, Turley H, Allen WE, Willam C, Eckardt KU, Talks KL, et al.
Induction of endothelial PAS domain protein-1 by hypoxia: characteriza-
tion and comparison with hypoxia-inducible factor-1alpha. Blood (1998)
92:2260–8.
10. Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, Zagzag D, et al.
Overexpression of hypoxia-inducible factor 1alpha in commonhuman cancers
and their metastases. Cancer Res (1999) 59:5830–5.
11. Talks KL, Turley H, Gatter KC, Maxwell PH, Pugh CW, Ratcliffe PJ, et al.
The expression and distribution of the hypoxia-inducible factors HIF-1alpha
and HIF-2alpha in normal human tissues, cancers, and tumor-associated
macrophages. Am J Pathol (2000) 157:411–21. doi:10.1016/S0002-9440(10)
64554-3
12. Semenza GL. Oxygen sensing, hypoxia-inducible factors, and disease
pathophysiology. Annu Rev Pathol (2014) 9:47–71. doi:10.1146/
annurev-pathol-012513-104720
13. Pouysségur J, Dayan F, Mazure NM. Hypoxia signalling in cancer and
approaches to enforce tumour regression. Nature (2006) 441:437–43. doi:10.
1038/nature04871
14. Semenza GL. Defining the role of hypoxia-inducible factor 1 in cancer biology
and therapeutics. Oncogene (2010) 29:625–34. doi:10.1038/onc.2009.441
15. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on
clinical outcome. Cancer Metastasis Rev (2007) 26:225–39. doi:10.1007/
s10555-007-9055-1
16. Garrett CR, Bekaii-Saab TS, Ryan T, Fisher GA, Clive S, Kavan P, et al.
Randomized phase 2 study of pegylated SN-38 (EZN-2208) or irinotecan
plus cetuximab in patients with advanced colorectal cancer. Cancer (2013)
119:4223–30. doi:10.1002/cncr.28358
17. Jeong W, Rapisarda A, Park SR, Kinders RJ, Chen A, Melillo G, et al. Pilot
trial of EZN-2968, an antisense oligonucleotide inhibitor of hypoxia-inducible
factor-1 alpha (HIF-1α), in patients with refractory solid tumors. Cancer
Chemother Pharmacol (2014) 73:343–8. doi:10.1007/s00280-013-2362-z
18. Jeong W, Park SR, Rapisarda A, Fer N, Kinders RJ, Chen A, et al. Weekly
EZN-2208 (PEGylated SN-38) in combination with bevacizumab in patients
with refractory solid tumors. Invest New Drugs (2014) 32:340–6. doi:10.1007/
s10637-013-0048-3
19. Rajagopalan S, Olin J, Deitcher S, Pieczek A, Laird J, Grossman PM, et al.
Use of a constitutively active hypoxia-inducible factor-1alpha transgene as
a therapeutic strategy in no-option critical limb ischemia patients: phase
I dose-escalation experience. Circulation (2007) 115:1234–43. doi:10.1161/
CIRCULATIONAHA.106.607994
20. Creager MA, Olin JW, Belch JJF, Moneta GL, Henry TD, Rajagopalan S,
et al. Effect of hypoxia-inducible factor-1alpha gene therapy on walking
performance in patients with intermittent claudication. Circulation (2011)
124:1765–73. doi:10.1161/CIRCULATIONAHA.110.009407
21. Olson E, Demopoulos L, Haws TF, Hu E, Fang Z, Mahar KM, et al. Short-
term treatment with a novel HIF-prolyl hydroxylase inhibitor (GSK1278863)
failed to improve measures of performance in subjects with claudication-
limited peripheral artery disease. Vasc Med (2014) 19:473–82. doi:10.1177/
1358863X14557151
22. Semenza GL, Wang GL. A nuclear factor induced by hypoxia via de novo
protein synthesis binds to the human erythropoietin gene enhancer at a site
required for transcriptional activation.Mol Cell Biol (1992) 12:5447.
23. Wenger RH. Cellular adaptation to hypoxia: O2-sensing protein hydroxylases,
hypoxia-inducible transcription factors, and O2-regulated gene expression.
FASEB J (2002) 16:1151–62. doi:10.1096/fj.01-0944rev
24. Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a
basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc
Natl Acad Sci U S A (1995) 92:5510–4. doi:10.1073/pnas.92.12.5510
25. Makino Y, Kanopka A, Wilson WJ, Tanaka H, Poellinger L. Inhibitory PAS
domain protein (IPAS) is a hypoxia-inducible splicing variant of the hypoxia-
inducible factor-3alpha locus. J Biol Chem (2002) 277:32405–8. doi:10.1074/
jbc.C200328200
26. Maynard MA, Qi H, Chung J, Lee EHL, Kondo Y, Hara S, et al. Multiple splice
variants of the human HIF-3 alpha locus are targets of the von Hippel-Lindau
E3 ubiquitin ligase complex. J Biol Chem (2003) 278:11032–40. doi:10.1074/
jbc.M208681200
27. Chen L, Uchida K, Endler A, Shibasaki F. Mammalian tumor suppres-
sor Int6 specifically targets hypoxia inducible factor 2 alpha for degrada-
tion by hypoxia- and pVHL-independent regulation. J Biol Chem (2007)
282:12707–16. doi:10.1074/jbc.M700423200
28. Koh MY, Lemos R, Liu X, Powis G. The hypoxia-associated factor switches
cells from HIF-1α- to HIF-2α-dependent signaling promoting stem cell
characteristics, aggressive tumor growth and invasion. Cancer Res (2011)
71:4015–27. doi:10.1158/0008-5472.CAN-10-4142
29. Jiang BH, Zheng JZ, Leung SW, Roe R, Semenza GL. Transactivation and
inhibitory domains of hypoxia-inducible factor 1alpha. Modulation of tran-
scriptional activity by oxygen tension. J Biol Chem (1997) 272:19253–60.
doi:10.1074/jbc.272.31.19253
30. Pugh CW, O’Rourke JF, Nagao M, Gleadle JM, Ratcliffe PJ. Activation of
hypoxia-inducible factor-1; definition of regulatory domains within the alpha
subunit. J Biol Chem (1997) 272:11205–14. doi:10.1074/jbc.272.17.11205
31. Gu YZ, Moran SM, Hogenesch JB, Wartman L, Bradfield CA. Molecular
characterization and chromosomal localization of a third alpha-class hypoxia
inducible factor subunit, HIF3alpha. Gene Expr (1998) 7:205–13.
32. Huang LE, Gu J, Schau M, Bunn HF. Regulation of hypoxia-inducible factor
1alpha ismediated by anO2-dependent degradation domain via the ubiquitin-
proteasome pathway. ProcNatl Acad Sci U SA (1998) 95:7987–92. doi:10.1073/
pnas.95.14.7987
33. Ema M, Hirota K, Mimura J, Abe H, Yodoi J, Sogawa K, et al. Molecular
mechanisms of transcription activation by HLF and HIF1alpha in response
to hypoxia: their stabilization and redox signal-induced interaction with
CBP/p300. EMBO J (1999) 18:1905–14. doi:10.1093/emboj/18.7.1905
34. O’Rourke JF, Tian YM, Ratcliffe PJ, Pugh CW. Oxygen-regulated and trans-
activating domains in endothelial PAS protein 1: comparison with hypoxia-
inducible factor-1alpha. J Biol Chem (1999) 274:2060–71. doi:10.1074/jbc.274.
4.2060
35. Hara S, Hamada J, Kobayashi C, Kondo Y, Imura N. Expression and character-
ization of hypoxia-inducible factor (HIF)-3alpha in human kidney: suppres-
sion of HIF-mediated gene expression by HIF-3alpha. Biochem Biophys Res
Commun (2001) 287:808–13. doi:10.1006/bbrc.2001.5659
36. Greer SN,Metcalf JL,Wang Y, OhhM. Review the updated biology of hypoxia-
inducible factor. EMBO J (2012) 31:2448–60. doi:10.1038/emboj.2012.125
37. Dayan F, Roux D, Brahimi-Horn MC, Pouysségur J, Mazure NM. The
oxygen sensor factor-inhibiting hypoxia-inducible factor-1 controls expres-
sion of distinct genes through the bifunctional transcriptional character of
hypoxia-inducible factor-1alpha. Cancer Res (2006) 66:3688–98. doi:10.1158/
0008-5472.CAN-05-4564
38. Epstein AC, Gleadle JM,McNeill LA,HewitsonKS, O’Rourke J,MoleDR, et al.
C. elegans EGL-9 and mammalian homologs define a family of dioxygenases
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3311
Hashimoto and Shibasaki HIF as angiogenic master switch
that regulate HIF by prolyl hydroxylation. Cell (2001) 107:43–54. doi:10.1016/
S0092-8674(01)00507-4
39. Bruick RK, McKnight SL. A conserved family of prolyl-4-hydroxylases that
modify HIF. Science (2001) 294:1337–40. doi:10.1126/science.1066373
40. HonW-C, Wilson MI, Harlos K, Claridge TDW, Schofield CJ, Pugh CW, et al.
Structural basis for the recognition of hydroxyproline inHIF-1 alpha by pVHL.
Nature (2002) 417:975–8. doi:10.1038/nature00767
41. Berra E, Benizri E, Ginouvès A, Volmat V, Roux D, Pouysségur J. HIF prolyl-
hydroxylase 2 is the key oxygen sensor setting low steady-state levels of HIF-
1alpha in normoxia. EMBO J (2003) 22:4082–90. doi:10.1093/emboj/cdg392
42. Lando D, Peet DJ, Whelan DA, Gorman JJ, WhitelawML. Asparagine hydrox-
ylation of the HIF transactivation domain a hypoxic switch. Science (2002)
295:858–61. doi:10.1126/science.1068592
43. Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg MA, et al.
An essential role for p300/CBP in the cellular response to hypoxia. Proc Natl
Acad Sci U S A (1996) 93:12969–73. doi:10.1073/pnas.93.23.12969
44. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, et al. Activation
of vascular endothelial growth factor gene transcription by hypoxia-inducible
factor 1.Mol Cell Biol (1996) 16:4604–13.
45. Kannan KB, Colorado I, Reino D, Palange D, Lu Q, Qin X, et al. Hypoxia-
inducible factor plays a gut-injurious role in intestinal ischemia reperfusion
injury. Am J Physiol Gastrointest Liver Physiol (2011) 300:G853–61. doi:10.
1152/ajpgi.00459.2010
46. Maloyan A, Eli-Berchoer L, Semenza GL, Gerstenblith G, SternMD, Horowitz
M. HIF-1alpha-targeted pathways are activated by heat acclimation and con-
tribute to acclimation-ischemic cross-tolerance in the heart. Physiol Genomics
(2005) 23:79–88. doi:10.1152/physiolgenomics.00279.2004
47. Hu C-J, Wang L-Y, Chodosh LA, Keith B, Simon MC. Differential roles
of hypoxia-inducible factor 1alpha (HIF-1alpha) and HIF-2alpha in hypoxic
gene regulation. Mol Cell Biol (2003) 23:9361–74. doi:10.1128/MCB.23.24.
9361-9374.2003
48. Wang V, Davis DA, Haque M, Huang LE, Yarchoan R. Differential gene up-
regulation by hypoxia-inducible factor-1alpha and hypoxia-inducible factor-
2alpha in HEK293T cells. Cancer Res (2005) 65:3299–306. doi:10.1158/
0008-5472.CAN-04-4130
49. Hu C-J, Sataur A, Wang L, Chen H, Simon MC. The N-terminal transac-
tivation domain confers target gene specificity of hypoxia-inducible factors
HIF-1alpha and HIF-2alpha. Mol Biol Cell (2007) 18:4528–42. doi:10.1091/
mbc.E06-05-0419
50. Kim J-W, Tchernyshyov I, Semenza GL, Dang CV. HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for cellular
adaptation to hypoxia. Cell Metab (2006) 3:177–85. doi:10.1016/j.cmet.2006.
02.002
51. Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC. HIF-1 medi-
ates adaptation to hypoxia by actively downregulating mitochondrial oxygen
consumption. Cell Metab (2006) 3:187–97. doi:10.1016/j.cmet.2006.01.012
52. Semenza GL, Jiang BH, Leung SW, Passantino R, Concordet JP, Maire P,
et al. Hypoxia response elements in the aldolase A, enolase 1, and lactate
dehydrogenase A gene promoters contain essential binding sites for hypoxia-
inducible factor 1. J Biol Chem (1996) 271:32529–37. doi:10.1074/jbc.271.51.
32529
53. Zhang H, Bosch-Marce M, Shimoda LA, Tan YS, Baek JH, Wesley JB, et al.
Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response
to hypoxia. J Biol Chem (2008) 283:10892–903. doi:10.1074/jbc.M800102200
54. Bellot G, Garcia-Medina R, Gounon P, Chiche J, Roux D, Pouysségur J, et al.
Hypoxia-induced autophagy is mediated through hypoxia-inducible factor
induction of BNIP3 and BNIP3L via their BH3 domains.Mol Cell Biol (2009)
29:2570–81. doi:10.1128/MCB.00166-09
55. Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell
(2012) 148:399–408. doi:10.1016/j.cell.2012.01.021
56. Kato H, Tamamizu-Kato S, Shibasaki F. Histone deacetylase 7 associates with
hypoxia-inducible factor 1alpha and increases transcriptional activity. J Biol
Chem (2004) 279:41966–74. doi:10.1074/jbc.M406320200
57. Kao HY, Downes M, Ordentlich P, Evans RM. Isolation of a novel histone
deacetylase reveals that class I and class II deacetylases promote SMRT-
mediated repression. Genes Dev (2000) 14:55–66. doi:10.1101/gad.14.1.55
58. de Ruijter AJM, van Gennip AH, Caron HN, Kemp S, van Kuilenburg ABP.
Histone deacetylases (HDACs): characterization of the classical HDAC family.
Biochem J (2003) 370:737–49. doi:10.1042/BJ20021321
59. Bertos NR, Wang AH, Yang XJ. Class II histone deacetylases: structure,
function, and regulation. Biochem Cell Biol (2001) 79:243–52. doi:10.1139/
o01-032
60. McKinsey TA, Zhang CL, Olson EN. Identification of a signal-responsive
nuclear export sequence in class II histone deacetylases. Mol Cell Biol (2001)
21:6312–21. doi:10.1128/MCB.21.18.6312-6321.2001
61. Takahashi R, Kobayashi C, Kondo Y, Nakatani Y, Kudo I, Kunimoto M, et al.
Subcellular localization and regulation of hypoxia-inducible factor-2alpha in
vascular endothelial cells. Biochem Biophys Res Commun (2004) 317:84–91.
doi:10.1016/j.bbrc.2004.03.010
62. Ryan HE, Lo J, Johnson RS. HIF-1 alpha is required for solid tumor formation
and embryonic vascularization. EMBO J (1998) 17:3005–15. doi:10.1093/
emboj/17.11.3005
63. Peng J, Zhang L, Drysdale L, Fong GH. The transcription factor EPAS-
1/hypoxia-inducible factor 2alpha plays an important role in vascular
remodeling. Proc Natl Acad Sci U S A (2000) 97:8386–91. doi:10.1073/pnas.
140087397
64. Tian H, Hammer RE, Matsumoto AM, Russell DW, McKnight SL.
The hypoxia-responsive transcription factor EPAS1 is essential for
catecholamine homeostasis and protection against heart failure during
embryonic development. Genes Dev (1998) 12:3320–4. doi:10.1101/gad.12.
21.3320
65. Scortegagna M, Morris MA, Oktay Y, Bennett M, Garcia JA. The HIF family
member EPAS1/HIF-2alpha is required for normal hematopoiesis in mice.
Blood (2003) 102:1634–40. doi:10.1182/blood-2003-02-0448
66. Kung AL, Wang S, Klco JM, Kaelin WG, Livingston DM. Suppression of
tumor growth through disruption of hypoxia-inducible transcription.NatMed
(2000) 6:1335–40. doi:10.1038/82146
67. Freedman SJ, Sun Z-YJ, Kung AL, France DS, Wagner G, Eck MJ. Structural
basis for negative regulation of hypoxia-inducible factor-1alpha by CITED2.
Nat Struct Biol (2003) 10:504–12. doi:10.1038/nsb936
68. Heikkilä M, Pasanen A, Kivirikko KI, Myllyharju J. Roles of the human
hypoxia-inducible factor (HIF)-3α variants in the hypoxia response. Cell Mol
Life Sci (2011) 68:3885–901. doi:10.1007/s00018-011-0679-5
69. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
(2004) 116:281–97. doi:10.1016/S0092-8674(04)00045-5
70. Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs pre-
dominantly act to decrease target mRNA levels. Nature (2010) 466:835–40.
doi:10.1038/nature09267
71. Bruning U, Cerone L, Neufeld Z, Fitzpatrick SF, Cheong A, Scholz CC,
et al. MicroRNA-155 promotes resolution of hypoxia-inducible factor 1alpha
activity during prolonged hypoxia. Mol Cell Biol (2011) 31:4087–96. doi:10.
1128/MCB.01276-10
72. Bartoszewska S, Kochan K, Piotrowski A, Kamysz W, Ochocka RJ, Collawn
JF, et al. The hypoxia-inducible miR-429 regulates hypoxia-inducible factor-
1α expression in human endothelial cells through a negative feedback loop.
FASEB J (2014) 29(4):1467–79. doi:10.1096/fj.14-267054
73. Poitz DM, Augstein A, GradehandC, EndeG, Schmeisser A, Strasser RH. Reg-
ulation of the Hif-system by micro-RNA 17 and 20a – role during monocyte-
to-macrophage differentiation. Mol Immunol (2013) 56:442–51. doi:10.1016/
j.molimm.2013.06.014
74. Koh MY, Darnay BG, Powis G. Hypoxia-associated factor, a novel E3-
ubiquitin ligase, binds and ubiquitinates hypoxia-inducible factor 1alpha, lead-
ing to its oxygen-independent degradation. Mol Cell Biol (2008) 28:7081–95.
doi:10.1128/MCB.00773-08
75. Shichijo S, Nakao M, Imai Y, Takasu H, Kawamoto M, Niiya F, et al. A gene
encoding antigenic peptides of human squamous cell carcinoma recognized
by cytotoxic T lymphocytes. J Exp Med (1998) 187:277–88. doi:10.1084/jem.
187.3.277
76. Guan Z, Ding C, Du Y, Zhang K, Zhu JN, Zhang T, et al. HAF drives the
switch of HIF-1α to HIF-2α by activating the NF-κB pathway, leading to
malignant behavior of T24 bladder cancer cells. Int J Oncol (2014) 44:393–402.
doi:10.3892/ijo.2013.2210
77. Koh MY, Nguyen V, Lemos R, Darnay BG, Kiriakova G, Abdelmelek M, et al.
Hypoxia-induced sumoylation of E3 ligase HAF determines specific activation
ofHIF2 in clear-cell renal cell carcinoma.Cancer Res (2015) 75:316–29. doi:10.
1158/0008-5472.CAN-13-2190
78. Carbia-Nagashima A, Gerez J, Perez-Castro C, Paez-Pereda M, Silberstein
S, Stalla GK, et al. RSUME, a small RWD-containing protein, enhances
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3312
Hashimoto and Shibasaki HIF as angiogenic master switch
SUMO conjugation and stabilizes HIF-1alpha during hypoxia. Cell (2007)
131:309–23. doi:10.1016/j.cell.2007.07.044
79. Girdwood DWH, Tatham MH, Hay RT. SUMO and transcriptional
regulation. Semin Cell Dev Biol (2004) 15:201–10. doi:10.1016/j.semcdb.
2003.12.001
80. Gill G. SUMO and ubiquitin in the nucleus: different functions, similar
mechanisms? Genes Dev (2004) 18:2046–59. doi:10.1101/gad.1214604
81. Saitoh H, Hinchey J. Functional heterogeneity of small ubiquitin-related pro-
tein modifiers SUMO-1 versus SUMO-2/3. J Biol Chem (2000) 275:6252–8.
doi:10.1074/jbc.275.9.6252
82. Kim JH, Choi HJ, Kim B, KimMH, Lee JM, Kim IS, et al. Roles of sumoylation
of a reptin chromatin-remodelling complex in cancer metastasis. Nat Cell Biol
(2006) 8:631–9. doi:10.1038/ncb1415
83. Cheng J, Kang X, Zhang S, Yeh ETH. SUMO-specific protease 1 is essential
for stabilization of HIF1alpha during hypoxia. Cell (2007) 131:584–95. doi:10.
1016/j.cell.2007.08.045
84. Wagner S, Herrmannová A, Malík R, Peclinovská L, Valášek LS. Functional
and biochemical characterization of human eukaryotic translation initiation
factor 3 in living cells. Mol Cell Biol (2014) 34:3041–52. doi:10.1128/MCB.
00663-14
85. Marchetti A, Buttitta F, Miyazaki S, Gallahan D, Smith GH, Callahan R. Int-
6, a highly conserved, widely expressed gene, is mutated by mouse mammary
tumor virus in mammary preneoplasia. J Virol (1995) 69:1932–8.
86. Rasmussen SB, Kordon E, Callahan R, Smith GH. Evidence for the transform-
ing activity of a truncated Int6 gene, in vitro. Oncogene (2001) 20:5291–301.
doi:10.1038/sj.onc.1204624
87. Mayeur GL, Hershey JWB. Malignant transformation by the eukaryotic trans-
lation initiation factor 3 subunit p48 (eIF3e). FEBS Lett (2002) 514:49–54.
doi:10.1016/S0014-5793(02)02307-4
88. Asano K, Merrick WC, Hershey JW. The translation initiation factor eIF3-
p48 subunit is encoded by int-6, a site of frequent integration by the mouse
mammary tumor virus genome. J Biol Chem (1997) 272:23477–80. doi:10.
1074/jbc.272.38.23477
89. Crane R, Craig R, Murray R, Dunand-Sauthier I, Humphrey T, Norbury
C. A fission yeast homolog of Int-6, the mammalian oncoprotein and eIF3
subunit, induces drug resistance when overexpressed. Mol Biol Cell (2000)
11:3993–4003. doi:10.1091/mbc.11.11.3993
90. Akiyoshi Y, Clayton J, Phan L, Yamamoto M, Hinnebusch AG, Watanabe
Y, et al. Fission yeast homolog of murine Int-6 protein, encoded by mouse
mammary tumor virus integration site, is associated with the conserved core
subunits of eukaryotic translation initiation factor 3. J Biol Chem (2001)
276:10056–62. doi:10.1074/jbc.M010188200
91. Bandyopadhyay A, Matsumoto T, Maitra U. Fission yeast Int6 is not essential
for global translation initiation, but deletion of int6(+) causes hypersensitivity
to caffeine and affects spore formation. Mol Biol Cell (2000) 11:4005–18.
doi:10.1091/mbc.11.11.4005
92. Burks EA, Bezerra PP, Le H, Gallie DR, Browning KS. Plant initiation fac-
tor 3 subunit composition resembles mammalian initiation factor 3 and
has a novel subunit. J Biol Chem (2001) 276:2122–31. doi:10.1074/jbc.
M007236200
93. Yahalom A, Kim TH, Winter E, Karniol B, Arnim von AG, Chamovitz DA.
Arabidopsis eIF3e (INT-6) associates with both eIF3c and the COP9 sig-
nalosome subunit CSN7. J Biol Chem (2001) 276:334–40. doi:10.1074/jbc.
M006721200
94. Chen L, Endler A, Uchida K, Horiguchi S-I, Morizane Y, Iijima O,
et al. Int6/eIF3e silencing promotes functional blood vessel outgrowth and
enhances wound healing by upregulating hypoxia-induced factor 2alpha
expression. Circulation (2010) 122:910–9. doi:10.1161/CIRCULATIONAHA.
109.931931
95. HarrisAL.Hypoxia – a key regulatory factor in tumour growth.NatRevCancer
(2002) 2:38–47. doi:10.1038/nrc704
96. Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and nutrient supply,
and metabolic microenvironment of human tumors: a review. Cancer Res
(1989) 49:6449–65.
97. Brown JM, Wilson WR. Exploiting tumour hypoxia in cancer treatment. Nat
Rev Cancer (2004) 4:437–47. doi:10.1038/nrc1367
98. Höckel M, Knoop C, Schlenger K, Vorndran B, Baussmann E, Mitze M, et al.
Intratumoral pO2 predicts survival in advanced cancer of the uterine cervix.
Radiother Oncol (1993) 26:45–50. doi:10.1016/0167-8140(93)90025-4
99. Kaelin WG, Ratcliffe PJ. Oxygen sensing by metazoans: the central role of the
HIF hydroxylase pathway. Mol Cell (2008) 30:393–402. doi:10.1016/j.molcel.
2008.04.009
100. Moeller BJ, Richardson RA, Dewhirst MW. Hypoxia and radiotherapy: oppor-
tunities for improved outcomes in cancer treatment. Cancer Metastasis Rev
(2007) 26:241–8. doi:10.1007/s10555-007-9056-0
101. Semenza GL. Evaluation of HIF-1 inhibitors as anticancer agents.Drug Discov
Today (2007) 12:853–9. doi:10.1016/j.drudis.2007.08.006
102. Jain RK. Normalization of tumor vasculature: an emerging concept in antian-
giogenic therapy. Science (2005) 307:58–62. doi:10.1126/science.1104819
103. Tang N,Wang L, Esko J, Giordano FJ, Huang Y, Gerber H-P, et al. Loss of HIF-
1alpha in endothelial cells disrupts a hypoxia-driven VEGF autocrine loop
necessary for tumorigenesis. Cancer Cell (2004) 6:485–95. doi:10.1016/j.ccr.
2004.09.026
104. Compernolle V, Brusselmans K, Franco D,Moorman A, DewerchinM, Collen
D, et al. Cardia bifida, defective heart development and abnormal neural crest
migration in embryos lacking hypoxia-inducible factor-1alpha.Cardiovasc Res
(2003) 60:569–79. doi:10.1016/j.cardiores.2003.07.003
105. Yoon D, Pastore YD, Divoky V, Liu E, Mlodnicka AE, Rainey K, et al.
Hypoxia-inducible factor-1 deficiency results in dysregulated erythropoiesis
signaling and iron homeostasis in mouse development. J Biol Chem (2006)
281:25703–11. doi:10.1074/jbc.M602329200
106. Alexander CM, Landsman PB, Teutsch SM, Haffner SM. Third national health
and nutrition examination survey (NHANES III), national cholesterol edu-
cation program (NCEP). NCEP-defined metabolic syndrome, diabetes, and
prevalence of coronary heart disease among NHANES III participants age 50
years and older. Diabetes (2003) 52:1210–4. doi:10.2337/diabetes.52.5.1210
107. Duran J, Götzens V, Carballo J, Martín E, Petit M, Cordero A, et al. The
HIF1A C85T single nucleotide polymorphism influences the number of
branches of the human coronary tree. Cardiology (2012) 121:156–9. doi:10.
1159/000336818
108. Sarkar K, Fox-Talbot K, Steenbergen C, Bosch-Marce M, Semenza GL. Ade-
noviral transfer of HIF-1alpha enhances vascular responses to critical limb
ischemia in diabetic mice. Proc Natl Acad Sci U S A (2009) 106:18769–74.
doi:10.1073/pnas.0910561106
109. Hlatky MA, Quertermous T, Boothroyd DB, Priest JR, Glassford AJ, Myers
RM, et al. Polymorphisms in hypoxia inducible factor 1 and the initial clinical
presentation of coronary disease. Am Heart J (2007) 154:1035–42. doi:10.
1016/j.ahj.2007.07.042
110. Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay
of lethal cell injury in ischemic myocardium. Circulation (1986) 74:1124–36.
doi:10.1161/01.CIR.74.5.1124
111. Gho BC, Schoemaker RG, van den Doel MA, Duncker DJ, Verdouw PD.
Myocardial protection by brief ischemia in noncardiac tissue. Circulation
(1996) 94:2193–200. doi:10.1161/01.CIR.94.9.2193
112. Cai Z, LuoW, ZhanH, Semenza GL. Hypoxia-inducible factor 1 is required for
remote ischemic preconditioning of the heart. Proc Natl Acad Sci U S A (2013)
110:17462–7. doi:10.1073/pnas.1317158110
113. Bai C-G, Liu X-H, Liu W-Q, Ma D-L. Regional expression of the hypoxia-
inducible factor (HIF) system and association with cardiomyocyte cell cycle
re-entry after myocardial infarction in rats. Heart Vessels (2008) 23:193–200.
doi:10.1007/s00380-007-1029-2
114. Norgren L, Hiatt WR, Dormandy JA, Nehler MR, Harris KA, Fowkes FGR,
et al. Inter-society consensus for themanagement of peripheral arterial disease
(TASC II). J Vasc Surg (2007) 45(Suppl S):S5–67.
115. Bosch-Marce M, Okuyama H, Wesley JB, Sarkar K, Kimura H, Liu YV, et al.
Effects of aging and hypoxia-inducible factor-1 activity on angiogenic cell
mobilization and recovery of perfusion after limb ischemia. Circ Res (2007)
101:1310–8. doi:10.1161/CIRCRESAHA.107.153346
116. Newman AB, Arnold AM, Burke GL, O’Leary DH, Manolio TA. Car-
diovascular disease and mortality in older adults with small abdominal
aortic aneurysms detected by ultrasonography: the cardiovascular health
study. Ann Intern Med (2001) 134:182–90. doi: 10.7326/0003-4819-134-
3-200102060-00008
117. Vorp DA, Wang DH, Webster MW, Federspiel WJ. Effect of intraluminal
thrombus thickness and bulge diameter on the oxygen diffusion in abdominal
aortic aneurysm. J Biomech Eng (1998) 120:579–83. doi:10.1115/1.2834747
118. Vorp DA, Lee PC, Wang DH, Makaroun MS, Nemoto EM, Ogawa S, et al.
Association of intraluminal thrombus in abdominal aortic aneurysm with
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3313
Hashimoto and Shibasaki HIF as angiogenic master switch
local hypoxia and wall weakening. J Vasc Surg (2001) 34:291–9. doi:10.1067/
mva.2001.114813
119. Erdozain OJ, Pegrum S, Winrow VR, Horrocks M, Stevens CR. Hypoxia in
abdominal aortic aneurysm supports a role for HIF-1α and Ets-1 as drivers of
matrix metalloproteinase upregulation in human aortic smooth muscle cells.
J Vasc Res (2011) 48:163–70. doi:10.1159/000318806
120. Vorp DA, Federspiel WJ, Webster MW. Does laminated intraluminal throm-
bus within abdominal aortic aneurysm cause anoxia of the aortic wall? J Vasc
Res (1996) 23:540–1. doi:10.1016/S0741-5214(96)80027-9
121. Freestone T, Turner RJ, Coady A, Higman DJ, Greenhalgh RM, Powell JT.
Inflammation and matrix metalloproteinases in the enlarging abdominal aor-
tic aneurysm. Arterioscler Thromb Vasc Biol (1995) 15:1145–51. doi:10.1161/
01.ATV.15.8.1145
122. Van Vickle-Chavez SJ, Tung WS, Absi TS, Ennis TL, Mao D, Cobb JP, et al.
Temporal changes in mouse aortic wall gene expression during the devel-
opment of elastase-induced abdominal aortic aneurysms. J Vasc Res (2006)
43:1010–20. doi:10.1016/j.jvs.2006.01.004
123. Kurki MI, Häkkinen S-K, Frösen J, Tulamo R, und zu Fraunberg von M,
Wong G, et al. Upregulated signaling pathways in ruptured human sac-
cular intracranial aneurysm wall: an emerging regulative role of toll-like
receptor signaling and nuclear factor-κB, hypoxia-inducible factor-1A, and
ETS transcription factors.Neurosurgery (2011) 68:1667–75. doi:10.1227/NEU.
0b013e318210f001
124. Strauss E,Waliszewski K, Oszkinis G, Staniszewski R. Polymorphisms of genes
involved in the hypoxia signaling pathway and the development of abdominal
aortic aneurysms or large-artery atherosclerosis. J Vasc Surg (2014). doi:10.
1016/j.jvs.2014.02.007
125. Giatromanolaki A, Arvanitidou V, Hatzimichael A, Simopoulos C, Sivridis
E. The HIF-2alpha/VEGF pathway activation in cutaneous capillary haeman-
giomas. Pathology (2005) 37:149–51. doi:10.1080/00313020400025011
126. Ng I, TanW-L, Ng P-Y, Lim J. Hypoxia inducible factor-1alpha and expression
of vascular endothelial growth factor and its receptors in cerebral arteriove-
nousmalformations. J Clin Neurosci (2005) 12:794–9. doi:10.1016/j.jocn.2005.
02.005
127. Takagi Y, Kikuta K-I, Moriwaki T, Aoki T, Nozaki K, Hashimoto N, et al.
Expression of thioredoxin-1 and hypoxia inducible factor-1α in cerebral arte-
riovenousmalformations: possible role of redox regulatory factor in neoangio-
genic property. Surg Neurol Int (2011) 2:61. doi:10.4103/2152-7806.80356
128. Tirakotai W, Bertalanffy H, Liu-Guan B, Farhoud A, Sure U. Immunohis-
tochemical study in dural arteriovenous fistulas and possible role of local
hypoxia for the de novo formation of dural arteriovenous fistulas. Clin Neurol
Neurosurg (2005) 107:455–60. doi:10.1016/j.clineuro.2004.11.014
129. Comati A, Beck H, Halliday W, Snipes GJ, Plate KH, Acker T. Upregulation
of hypoxia-inducible factor (HIF)-1alpha and HIF-2alpha in leptomeningeal
vascular malformations of Sturge-Weber syndrome. J Neuropathol Exp Neurol
(2007) 66:86–97. doi:10.1097/nen.0b013e31802d9011
130. Lu L, Bischoff J, Mulliken JB, Bielenberg DR, Fishman SJ, Greene AK.
Increased endothelial progenitor cells and vasculogenic factors in higher-
staged arteriovenous malformations. Plast Reconstr Surg (2011) 128:260e–9e.
doi:10.1097/PRS.0b013e3182268afd
131. Segiet OA, BrzozowaM, PiecuchA, DudekD, Reichman-Warmusz E,Wojnicz
R. Biomolecular mechanisms in varicose veins development. Ann Vasc Surg
(2014) 29(2):377–84. doi:10.1016/j.avsg.2014.10.009
132. Taccoen A, Lebard C, Borie H, Poullain JC, Zuccarelli F, Gerentes I, et al.
[Measurement of oxygen tension in normal and varicose vein walls]. J Mal
Vasc (1996) 21(Suppl C):259–65.
133. Lim CS, Qiao X, Reslan OM, Xia Y, Raffetto JD, Paleolog E, et al. Prolonged
mechanical stretch is associatedwith upregulation of hypoxia-inducible factors
and reduced contraction in rat inferior vena cava. J Vasc Res (2011) 53:764–73.
doi:10.1016/j.jvs.2010.09.018
134. Ghaderian SMH, Lindsey NJ, Graham AM, Homer-Vanniasinkam S,
Akbarzadeh Najar R. Pathogenic mechanisms in varicose vein disease: the
role of hypoxia and inflammation. Pathology (2010) 42:446–53. doi:10.3109/
00313025.2010.493865
135. Lim CS, Gohel MS, Shepherd AC, Paleolog E, Davies AH. Venous hypoxia: a
poorly studied etiological factor of varicose veins. J Vasc Res (2011) 48:185–94.
doi:10.1159/000320624
136. Bitto A, De Caridi G, Polito F, Calò M, Irrera N, Altavilla D, et al. Evidence for
markers of hypoxia and apoptosis in explanted human carotid atherosclerotic
plaques. J Vasc Res (2010) 52:1015–21. doi:10.1016/j.jvs.2010.05.116
137. Sluimer JC, Daemen MJ. Novel concepts in atherogenesis: angiogenesis and
hypoxia in atherosclerosis. J Pathol (2009) 218:7–29. doi:10.1002/path.2518
138. Gao L, Chen Q, Zhou X, Fan L. The role of hypoxia-inducible fac-
tor 1 in atherosclerosis. J Clin Pathol (2012) 65:872–6. doi:10.1136/
jclinpath-2012-200828
139. LimCS, Kiriakidis S, SandisonA, Paleolog EM,Davies AH.Hypoxia-inducible
factor pathway and diseases of the vascular wall. J Vasc Res (2013) 58:219–30.
doi:10.1016/j.jvs.2013.02.240
140. Whitman EM, Pisarcik S, Luke T, Fallon M, Wang J, Sylvester JT, et al.
Endothelin-1 mediates hypoxia-induced inhibition of voltage-gated K+ chan-
nel expression in pulmonary arterial myocytes. Am J Physiol Lung Cell Mol
Physiol (2008) 294:L309–18. doi:10.1152/ajplung.00091.2007
141. Pisarcik S, Maylor J, Lu W, Yun X, Undem C, Sylvester JT, et al. Activation
of hypoxia-inducible factor-1 in pulmonary arterial smooth muscle cells by
endothelin-1. Am J Physiol Lung Cell Mol Physiol (2013) 304:L549–61. doi:10.
1152/ajplung.00081.2012
142. Wang J, Weigand L, Lu W, Sylvester JT, Semenza GL, Shimoda LA. Hypoxia
inducible factor 1 mediates hypoxia-induced TRPC expression and elevated
intracellular Ca2+ in pulmonary arterial smooth muscle cells. Circ Res (2006)
98:1528–37. doi:10.1161/01.RES.0000227551.68124.98
143. Shimoda LA, Fallon M, Pisarcik S, Wang J, Semenza GL. HIF-1 regulates
hypoxic induction of NHE1 expression and alkalinization of intracellular pH
in pulmonary arterial myocytes. Am J Physiol Lung Cell Mol Physiol (2006)
291:L941–9. doi:10.1152/ajplung.00528.2005
144. Yu AY, Shimoda LA, Iyer NV, Huso DL, Sun X, McWilliams R, et al. Impaired
physiological responses to chronic hypoxia in mice partially deficient for
hypoxia-inducible factor 1alpha. J Clin Invest (1999) 103:691–6. doi:10.1172/
JCI5912
145. Brusselmans K, Compernolle V, Tjwa M, Wiesener MS, Maxwell PH, Collen
D, et al. Heterozygous deficiency of hypoxia-inducible factor-2alpha pro-
tects mice against pulmonary hypertension and right ventricular dysfunction
during prolonged hypoxia. J Clin Invest (2003) 111:1519–27. doi:10.1172/
JCI200315496
146. Lee ES, Bauer GE, Caldwell MP, Santilli SM. Association of artery wall hypoxia
and cellular proliferation at a vascular anastomosis. Journal of Surgical Research
(2000) 91:32–7. doi:10.1006/jsre.2000.5891
147. Misra S, Shergill U, Yang B, Janardhanan R, Misra KD. Increased expression
of HIF-1alpha, VEGF-A and its receptors, MMP-2, TIMP-1, and ADAMTS-
1 at the venous stenosis of arteriovenous fistula in a mouse model with renal
insufficiency. J Vasc Interv Radiol (2010) 21:1255–61. doi:10.1016/j.jvir.2010.
02.043
148. Liao H, Hyman MC, Lawrence DA, Pinsky DJ. Molecular regulation of the
PAI-1 gene by hypoxia: contributions of Egr-1, HIF-1alpha, and C/EBPalpha.
FASEB J (2007) 21:935–49. doi:10.1096/fj.06-6285com
149. Bovill EG, van der Vliet A. Venous valvular stasis-associated hypoxia and
thrombosis: what is the link?Annu Rev Physiol (2011) 73:527–45. doi:10.1146/
annurev-physiol-012110-142305
150. Moldovan NI, Asahara T. Role of blood mononuclear cells in recanalization
and vascularization of thrombi: past, present, and future. Trends Cardiovasc
Med (2003) 13:265–9. doi:10.1016/S1050-1738(03)00108-7
151. Henke PK, Wakefield T. Thrombus resolution and vein wall injury: depen-
dence on chemokines and leukocytes. Thromb Res (2009) 123(Suppl 4):S72–8.
doi:10.1016/S0049-3848(09)70148-3
152. Evans CE, Humphries J, Mattock K, Waltham M, Wadoodi A, Saha P,
et al. Hypoxia and upregulation of hypoxia-inducible factor 1{alpha} stim-
ulate venous thrombus recanalization. Arterioscler Thromb Vasc Biol (2010)
30:2443–51. doi:10.1161/ATVBAHA.110.215038
153. Hamer JD,Malone PC, Silver IA. The pO2 in venous valve pockets: its possible
bearing on thrombogenesis. Br J Surg (1981) 68:166–70. doi:10.1002/bjs.
1800680308
154. Botusan IR, Sunkari VG, Savu O, Catrina AI, Grünler J, Lindberg S, et al.
Stabilization of HIF-1alpha is critical to improve wound healing in diabetic
mice. Proc Natl Acad Sci U S A (2008) 105:19426–31. doi:10.1073/pnas.
0805230105
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3314
Hashimoto and Shibasaki HIF as angiogenic master switch
155. Karuppagounder SS, Ratan RR. Hypoxia-inducible factor prolyl hydroxy-
lase inhibition: robust new target or another big bust for stroke therapeu-
tics|[quest]|. J Cereb Blood Flow Metab (2012) 32:1347–61. doi:10.1038/jcbfm.
2012.28
156. Watanabe A, Ichiki T, Sankoda C, Takahara Y, Ikeda J, Inoue E, et al. Suppres-
sion of abdominal aortic aneurysm formation by inhibition of prolyl hydrox-
ylase domain protein through attenuation of inflammation and extracellular
matrix disruption. Clin Sci (2014) 126:671–8. doi:10.1042/CS20130435
157. Loinard C, Ginouvès A, Vilar J, Cochain C, Zouggari Y, Recalde A,
et al. Inhibition of prolyl hydroxylase domain proteins promotes
therapeutic revascularization. Circulation (2009) 120:50–9. doi:10.1161/
CIRCULATIONAHA.108.813303
158. Patel TH, Kimura H, Weiss CR, Semenza GL, Hofmann LV. Constitutively
active HIF-1alpha improves perfusion and arterial remodeling in an endovas-
cular model of limb ischemia. Cardiovasc Res (2005) 68:144–54. doi:10.1016/
j.cardiores.2005.05.002
159. Licht AH, Müller-Holtkamp F, Flamme I, Breier G. Inhibition of hypoxia-
inducible factor activity in endothelial cells disrupts embryonic cardiovas-
cular development. Blood (2006) 107:584–90. doi: 10.1182/blood-2005-07-
3033
160. Hashimoto T, Chen L, Kimura H, Endler A, Koyama H, Miyata T, et al.
Silencing of eIF3e promotes blood perfusion recovery after limb ischemia
through stabilization of hypoxia-inducible factor 2α activity. J Vasc Surg
(2015). doi:10.1016/j.jvs.2015.01.004
161. Miyashita R, Chen L, Oshiro H, Uchino H, Shibasaki F. Int6 silencing causes
induction of angiogenic factors in neuronal cells via accumulation of hypoxia-
inducible factor 2α and decreases brain damage in rats. Neurosci Lett (2012)
528:83–8. doi:10.1016/j.neulet.2012.08.033
162. Endler A, Chen L, Li Q, Uchida K, Hashimoto T, Lu L, et al. Int6/eIF3e silenced
HIF2α stabilization enhances migration and tube formation of HUVECs via
IL-6 and IL-8 signaling. Cytokine (2013) 62:115–22. doi:10.1016/j.cyto.2013.
01.021
163. Spilka R, Ernst C, Mehta AK, Haybaeck J. Eukaryotic translation initiation
factors in cancer development and progression. Cancer Lett (2013) 340:9–21.
doi:10.1016/j.canlet.2013.06.019
164. Rey S, Lee K, Wang CJ, Gupta K, Chen S, McMillan A, et al. Synergistic
effect of HIF-1alpha gene therapy and HIF-1-activated bone marrow-derived
angiogenic cells in a mouse model of limb ischemia. Proc Natl Acad Sci U S A
(2009) 106:20399–404. doi:10.1073/pnas.0911921106
165. Brenes RA, Bear M, Jadlowiec C, Goodwin M, Hashim P, Protack CD, et al.
Cell-based interventions for therapeutic angiogenesis: review of potential cell
sources. Vascular (2012) 20:360–8. doi:10.1258/vasc.2011.201205
166. Nishiyama A, Koyama H, Miyata T, Watanabe T. Therapeutic site selection
is important for the successful development of collateral vessels. J Vasc Res
(2014). doi:10.1016/j.jvs.2014.02.004
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2015 Hashimoto and Shibasaki. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Pediatrics | www.frontiersin.org April 2015 | Volume 3 | Article 3315
